ABSTRACT. A detailed study on the microstructure of submerged arc (SA) weld metal and the heat-affected zone of a 1.2-cm (0.5-in.) thick plain carbon steel plate was carried out using transmission electron microscopy. The various subzone microstructures observed in the HAZ of a SA weld are spheroidized, partially transformed, grain-refined and graincoarsened. The grain-coarsened area exhibits predominantly Widmanstatten ferrite with pearlite, while the other subzones of HAZ reveal polygonal ferrite and pearlite. Depending on the number, size and distribution of inclusions, the weld metal microstructure varies. With a larger number of inclusions, grain boundary ferrite and, in absence of inclusion, either side plate with pearlite or cementite along the boundaries of side plates are observed. It is noticed that a limited number of larger size inclusions favor the formation of acicular ferrite. Because of the prevalence of varying cooling rates in weld metal, a wide range of microstructures, such as periodic pearlite, grain boundary ferrite with pearlite, and side plate with cementite along the side plate boundaries, are observed.
Introduction
The microstructures developed in the weld metal (WM) and heat-affected zone (HAZ) of a fusion welding process play an important role in controlling the mechanical properties of weldments. The WM microstructure is controlled mainly by the cooling cycle, while the area adjacent to WM, i.e., the HAZ, exhibits metallurgical transformations due to both heating and cooling cycles. The typical microstructure (Refs. 1-3) of WM in low-carbon low-al-A. JOARDER by steels consists of proeutectoid ferrite, Widmanstatten ferrite (side plates), acicular ferrite (AF), bainite and martensite, depending on the cooling rate below A3 temperature. Dallam, et al. (Ref. 4) , studied the WM microstructure of low-carbon steel and classified the various microstructures that form in WM. The different microstructural zones (Refs. 1, 2, 5-8) in HAZ are the spheroidized zone, partially transformed zone, grain-refined zone and grain-coarsened zone.
In recent years, there has been an increasing demand for good toughness in the WM of HSLA steels, and considerable interest has been paid to understanding the formation of AF structure because it shows high strength due to its fine grain size (Refs. 9-13). On the other hand, the presence of grain boundary allotriomorphs, Widmanstatten ferrite (WF), bainite and martensite is considered to be detrimental to strength and toughness of the WM. The microstructural variations in the different zones of HAZ, under lowmagnification microscope (Refs. [1] [2] [3] [4] [5] [6] [7] [8] , were studied in detail. But the finer details of microstructures of the WM and HAZ of a plain carbon steel are not fully available in literature (Refs. 1, 2, [6] [7] [8] , and the data relating to these microstructures are sparse. Therefore, in the present investigation, an attempt has been made to 
KEY WORDS
SAW
Experimental Procedure
Plain carbon steel plates of 1.2-cm (0.5-in.) thickness were obtained from indigeneous sources and bead-on-plate welding on standard plates of 20 x 15-cm(8x 6-in.) size was carried out with a mechanized submerged arc welding (SAW) machine. The welding parameters used were: current, 350 A (DC); voltage, 30 V; speed of welding, 0.67 cm/s; nozzle angle, 90 deg; and electrode extension, 0.25 cm (0.1 in.) The electrode of IS 7280-1974 (AWS EL8K) specification and a diameter of 0.315 cm (0.12 in.) was used with granular basictype flux. The composition of the steel used was 0.18 C, 0.75 Mn, 0.28 Si, 0.035 S and 0.06 P. Specimens for optical metallography were obtained from the transverse direction of the weld, followed by mechanical polishing by standard technique and etched with 2% nital. Thin foils for transmission electron microscopy were made from thin slices, which were cut with Isomet diamond saw. These slices were taken from three different layers of the weld metal as shown in Fig. 1 . These were carefully ground to less than 0.1-mm (0.004-in.) thickness by emery paper. Thin foils were then prepared by a window technique using an electrolyte containing 10% perchloric acid and 90% glacial acetic acid. These foils were examined in a JEOL 200 CX transmission electron microscope at an operating voltage of 160 kV.
Results

Optical Microscopy
The microstructure in the base metal shown in Fig. 2A consists of polygonal ferrite (white area) and pearlite (dark area). The HAZ microstructure of grainrefined and grain-coarsened areas is shown in Figs. 2B and C, respectively. Comparing with Fig. 2A , it is observed that the grain-refined area exhibits extremely small ferrite grains, clearly indicating that very fine ferrite and pearlite is formed due to the heating and cooling cycles of the SAW process. Figure 2C , representing a grain-coarsened area, exhibits predominantly WF and pearlite. Figure 2D is an optical micrograph taken from the WM area, revealing grain boundary, ferrite, side plate and occasionally equiaxed ferrite. Finer details of the microstructure in the HAZ and WM were studied by TEM.
Transmission Electron Microscopy
An extensive thin-foil transmission electron microscopy (TEM) examination of the HAZ and WM was carried out. The base metal microstructure exhibits ferrite and pearlite, as shown in Fig. 3 . The TEMs taken from the HAZ area ( Fig. 4A and B) adjacent to the base metal show considerable spheroidization of cementite lamellae in pearlite. Next to the spheroidized area in the HAZ, the simultaneous presence of fine-as well as coarse-grain structure is observed - Fig. 5A and B. Here pearlite is transformed to austenite during the heating cycle of welding; whereas, during the cooling cycle, the same austenite transforms to fine-grain ferrite and pearlite. This area is designated as a partially transformed region (Refs. 1,2,6). Figure 6A and B shows two TEMs revealing fine-grain microstructure. Both very fine grain ferrite and pearlite are observed in this area as compared to the base metal microstructure - Fig. 3 . This clearly indicates that during the heating and cooling cycles a very fine grain structure is formed in the HAZ. This area is generally termed as the grain-refined area (Refs. 1,2,6). Figure 8A and B are bright field (BF) and dark field (DF) micrographs taken from the pearlite area of the grain-coarsened region. A corresponding selected area of diffraction pattern is shown in Fig. 8C , and its schematic representation is shown in Fig. 8D .
Assuming a varying inclusion content at different levels in SA welds, transmission electron microscopy of the WM was carried out at different areas as shown in Figure 12A and B shows fine irregular-shaped (neither polygonal nor equiaxed) ferrite along with inclusions. This type of ferrite is AF. Inclusions play an important role in the formation of this type of ferrite, mainly acting as nucleation sites (Refs. 14-19). It is also observed from the TEMs that the formation of AF is favorable when a reasonable number of inclusions are present in the WM. In this study, area 2' exhibits the presence of AF, but pearlite is not observed in the surrounding area of the AF.
TEMs of area '3' of the WM (devoid of inclusions) exhibit either side plate (Fig.  13A, B) or grain boundary ferrite with pearlite ( Fig. 14) or cementite along the side plate boundaries - Fig. 13A . At times, periodic pearlite is observed - Fig. 15 .
Discussion
The results of the present investigation of HAZ reveal the presence of various subzones, namely spheroidized carbide, partially transformed, fine-grained, transition of fine-to coarse-grain and graincoarsened area (starting from base to weld metal sides). The TEMs of base metal and HAZ areas primarily exhibit equiaxed ferrite and pearlite. However, the graincoarsened HAZ area reveals predominantly WF. These subzones are in agreement with low magnification micrographs reported by Smith, etal. (Ref. 5) , and other investigators (Refs. 1, 2, 6). Rasanen and Tenkula (Ref. 6) , however, investigated the details of these subzones produced under simulated conditions of varying cooling rates and discussed their TEMs on the basis of theoretical physical metallurgy. According to them (depending on the rate of cooling), these subzones may 
Fig. 12-TEMs of WM (layer 2) showing acicular ferrite at two different locations. A -low magnification; B -high magnification
have the phases listed in Table 1 . It is observed from the TEMs in the present study that subzones of partially transformed (Fig. 5) , grain-refined (Fig. 6 ) and graincoarsened regions (Fig. 7B ) of the HAZ in the SAW weldment (which is a slow cooling process) are in agreement with the results of Rasanen and Tenkula (Ref. 6 ).
The WM microstructures at different locations consist mainly of WF, AF and proeutectoid ferrite. It is well established (Refs. 3,14-19) that oxide inclusions play an important role in the formation of AF. During this investigation, it was observed that although inclusions favor the formation of AF (Fig. 12) , a large number of inclusions favor the formation of proeutectoid ferrite - Fig. 9 .
It is well documented (Refs. 
250 ppm. Keeping the above observations in view, the present investigation took thin slices for TEM studies from three different layers of the WM, as shown in Fig. 1 . The TEMs clearly indicate that layer 1 exhibits a large number of inclusions, resulting in the formation of grain boundary ferrite (Fig. 9) , while layer 2, with a relatively less number of inclusions favors AF formation - Fig. 12 . On the other hand, layer 3 evidences predominantly WF (side plates) with pearlite and/or cementite along the boundaries of the side plates - Fig. 13 . This clearly suggests that side plate-type morphology is formed in that portion of WM that is free from inclusions. Since the presence of grain boundary and side plate ferrite are detrimental to toughness, the presence of AF throughout the cross-section of WM is desirable to obtain better toughness and strength. This may be achieved either by uniformly distributing the inclusions through controlled weld pool stirring (Ref. Postsolidification phase transformation in WM at different areas reveals different microstructures. This is due to the complicated nature of weld pool solidification, which is affected by various factors such as: plate and weld pool geometry, its physical properties, welding process, and boundary conditions. This naturally leads to various degrees of cooling rates at different locations in the weld metal. Rasanen and Tenkula report that, depending on the cooling rates, different structures are formed such as periodic pearlite, WF and pearlite and ferrite pearlite. These microconstituents are also observed in the present investigation as shown in Figs. 15, 13 and 14, respectively. The precipitation of cementite along the side plate bound- fig. 13 
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Fig. 14-TEMs of WM (layer 3). A -ferrite and pearlite; B-pearlite at higher magnification of A.
aries observed in the present study (Fig.  13A ) seems to be similar to bainitic structure (i.e., upper bainite consisting of ferrite laths with cementite along lath boundaries-Refs. 34,35). Strangwood and Bhadeshia (Refs. 19,36) report that the growth of AF is diffusionless and is formed by a displacement transformation mechanism. Sugden and Bhadeshia (Ref. 17) propose that a AF formation mechanism is similar to bainite transformation; however, the morphology of AF is different, since it nucleates intragranularly from point sites. The results of the present study reveal an absence of pearlite in the surrounding area of AF, as in Fig. 12 A, B. Thus, it appears from the present investigation that diffusionless shear-type (similar to martensite formation) transformation is the mechanism of formation of AF in accordance with other investigators (Refs. 19,36).
Conclusions
The microstructure of a single-pass SAW weld in plain carbon steel was investigated with a transmission electron microscope. The following conclusions are drawn:
The microstructures of the HAZ exhibit different subzones; spheroidized, partially transformed, grain-refined, transition of fine-to coarse-grain and grain-coarsened area, as observed from the base metal side.
The HAZ microstructure in the partially transformed and the grain-refined areas reveal ferrite and pearlite, while the grain-
fig. 15 -TEM of WM (layer 3) showing periodic pearlite.
coarsened area shows predominantly Widmanstatten ferrite and pearlite.
The top, middle and base of the weld metal reveal different types of microstructure:
Top -Exhibits grain-boundary ferrite, with a larger number of inclusions within the ferrite and also along the grain boundaries (sometimes restricting the growth of ferrite grains).
Middle -Exhibits relatively fewer inclusions, which favor the formation of acicular ferrite.
Base -Exhibits the absence of inclusions and favors a side plate morphology with pearlite or cementite along the side plate boundaries. Grain boundary ferrite is also observed.
A limited number of larger inclusions help in the formation of acicular ferrite; whereas, a large number of smaller (0. 
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Programming and Control of Welding Processes-Experience of the USSR
By V. Malin
This report is an in-depth look at technical welding studies and their implementation in the USSR, a country that has a long history of welding automation development. More than 300 articles published in the USSR over the last three decades were examined, and 177 are referenced in this report. 
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The two papers contained in this bulletin provide definitive information concerning the elevated temperature rupture behavior of 2 1 /4Cr-lMo weld metals. The first paper gives a detailed metallurgical failure analysis of cracking in a longitudinally welded hot reheat pipe with 184,000 hours of operation at 1050° F. The second paper defines the role of the welding flux in submerged arc welding of 2V4Cr-lMo steel.
Publication In this report, different elevated temperature gasket tightness test procedures are compared. A two-tier test approach, involving aging of the preloaded gasket in a kiln followed by a short duration tightness test was evaluated. The procedures were evaluated using spiral-wound gaskets with two different fillers: a mica-graphite filler and an asbestos filler.
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This Bulletin contains two reports covering three-dimensional finite element analysis of 45-deg lateral branch pipe models. The Markl-type fatigue test data presented in this report have been needed for a number of years to establish i-factors (SIFs) for forged tees with d/D ratios between 0.5 and 1.0 that conform to the ANSI B16.9 standard. These new data will provide improved design rules for both nuclear and industrial piping systems. 
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